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(57) ABSTRACT

Gang migration refers to the simultaneous live migration of
multiple Virtual Machines (VMSs) from one set of physical
machines to another in response to events such as load
spikes and imminent failures. Gang migration generates a
large volume of network traflic and can overload the core
network links and switches 1n a datacenter. In this paper, we
present an approach to reduce the network overhead of gang
migration using global deduplication (GMGD). GMGD
identifies and eliminates the retransmission of duplicate
memory pages among VMs running on multiple physical
machines in the cluster. The design, implementation and
evaluation of a GMGD prototype 1s described using QEMU/
KVM VMs. Evaluations on a 30-node Gigabit Ethernet
cluster having 10GigE core links shows that GMGD can
reduce the network tratlic on core links by up to 65% and the
total migration time of VMs by up to 42% when compared
to the default migration technique in QEMU/KVM. Further-
more, GMGD has a smaller adverse performance impact on
network-bound applications.
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1

GANG MIGRATION OF VIRTUAL
MACHINES USING CLUSTER-WIDE
DEDUPLICATION

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application 1s Continuation of U.S. patent

application Ser. No. 14/709,957, filed May 12, 2015, now
U.S. Pat. No. 9,823,842, 1ssued Nov. 21, 2017, which 1s a
non-provisional of U.S. 61/992,037/, filed May 12, 2014, the
entirety of which are expressly incorporated herein by
reference.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
CNS-0845832 and CNS-0855204 awarded by the National
Science Foundation. The government has certain rights in
the 1nvention.

FIELD OF THE INVENTION

The present invention relates to the field of gang migra-
tion, 1.e. the simultaneous live migration of multiple virtual
machines that run on multiple physical machines 1n a cluster.

BACKGROUND OF THE INVENTION

Live migration of a virtual machine (VM) refers to the
transfer of a running VM over the network from one
physical machine to another. Within a local area network
(LAN), live VM migration mainly involves the transfer of
the VM’s CPU and memory state, assuming that the VM
uses network attached storage, which does not require
migration. Some of the key metrics to measure the perfor-
mance of VM migration are as follows.

Total migration time 1s the time from the start of migration

at the source to its completion at the target.

Downtime 1s the duration for which a VM’s execution 1s
suspended during migration.

Network traflic overhead 1s the additional network tratlic
due to VM migration.

Application degradation 1s the adverse performance
impact of VM migration on applications running any-
where 1n the cluster.

The present invention relates to gang migration [8], 1.¢.
the simultaneous live migration of multiple VMs that run on
multiple physical machines in a cluster. The cluster, for
example, may be assumed to have a high-bandwidth low-
delay interconnect such has Gigabit Ethernet [10], 10GigE
[9], or Infimiband [15], or the like. Datacenter administrators
may need to perform gang migration to handle resource
re-allocation for peak workloads, imminent failures, cluster
maintenance, or powering down of several physical
machines to save energy.

The present technology specifically focuses on reducing
the network traflic overhead due to gang migration. Users
and service providers of a virtualized infrastructure have
many reasons to perform live VM migration such as routine
maintenance, load balancing, scaling to meet performance
demands during peak hours, and consolidation to save
energy during non-peak hours by using fewer servers. Since
gang migration can transier hundreds of Gigabytes of data
over the network, 1t can overload the core links and switches
of the datacenter network. Gang migration can also

adversely aflect the performance at the network edges where
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the migration tratlic competes with the bandwidth require-
ments of applications within the VMs. Reducing the network

traflic overhead can also indirectly reduce the total time for
migrating multiple VMs and the application degradation,
depending upon how the traflic reduction 1s achieved.

The development of new techniques to improve the
performance, robustness, and security of live migration of
virtual machines (VM) [100] have emerged as one of the
critical building blocks of modern cloud infrastructures due
to cost savings, elasticity, and ease of administration. Vir-
tualization technologies [118, 58, 79] have been rapidly
adopted 1n large Infrastructure-as-a-Service (laaS) platforms
[46, 107, 111, 112] that offer cloud computing services on a
utility-like model. Live migration of VMs [116, 3, 13] 1s a
key feature and selling point for virtualization technologies.

Live VM migration mechanisms must move active VMs
as quickly as possible and with minimal impact on the
applications and the cluster inirastructure. These require-
ments translate into reducing the total migration time, down-
time, application degradation, and cluster resource over-
heads such as network traflic, computation, memory, and
storage overheads. Even though a large body of work 1n both
industry and academia has advanced these goals, several
challenges related to performance, robustness, and security
remain to be addressed.

First, while the migration of a single VM has been well
studied [74, 35, 18, 58, 129], the simultanecous migration of
multiple VMs has not been thoroughly investigated. Sec-
ondly, the failure of the participating nodes during live VM
migration and the resulting loss of VM state has not been
investigated, even though high-availability solutions [130,
108] exist for steady-state VM operation.

Prior eflorts to reduce the data transmitted during VM
migration have focused on the live and non-live migration of
a single VM [74, 5, 13, 133, 58, 129, 134, 95, 81, 123, 122,
135, 92, 94], live migration of multiple VMs running on the
same physical machine [8], live migration of a virtual cluster
across a wide-area network (WAN) [91], or non-live migra-
tion of multiple VM 1mages across a WAN [57]. Numerous
cluster job schedulers exist such as [136, 107, 137, 138, 139,
63, 109], among many others, as well as virtual machine
management systems, such as VMWare’s DRS [117],
XenEnterprise [140], Usher [68], Virtual Machine Manage-
ment Pack [141], and CoD [142] that let administrators
control jobs/VM placement based on cluster load or specific
policies such as aflimity or anti-athnity rules.

SUMMARY OF THE INVENTION

The present technology seeks to focus on reducing the
network trafhic overhead due to gang migration. The present
technology seeks, for example, to reduce the network trathic
overhead uses the following observation. See, Deshpande,
Umesh, et al. “Gang Migration of Virtual Machines using
Cluster-wide Deduplication.” Cluster, Cloud and Grid Com-
puting (CCGrid), 2013 13th IEEE/ACM International Sym-
posium on. IEEE, 2013. (Applicant’s prior work), expressly
incorporated herein by reference.

VMs within a cluster often have similar memory content,
given that they may execute the same operating system,
libraries, and applications. Hence, a significant number of
theirr memory pages may be identical [26], [30]. One can
reduce the network overhead of gang migration using dedu-
plication, 1.e. by avoiding the transmission of duplicate
copies of identical pages. We present an approach called
gang migration using global (cluster-wide) deduplication
(GMGD). During normal execution, a duplicate tracking
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mechanism keeps track of identical pages across different
VMs 1n the cluster. During gang migration, a distributed
coordination mechanism suppresses the retransmission of
identical pages over the core links. Specifically, only one
copy of each identical page 1s transferred to a target rack
(1.e., the rack where a recipient physical machine for a VM
resides). Thereupon, the machines within each target rack
coordinate the exchange of necessary pages. In contrast to
GMGD, gang migration using local deduplication (GMLD)
[8] suppresses the retransmission of identical pages from
among VMs within a single host.

The present technology therefore seeks to i1dentity and
track identical memory pages across VMs running on dii-
terent physical machines 1n a cluster, including non-migrat-
ing VMs running on the target machines. These identical
pages are deduplicated during gang migration, while keep-
ing the coordination overhead low.

A prototype implementation of GMGD was created on the
QEMU/KVM [18] platform, and evaluated on a 30-node
cluster testbed having three switches, 10GigE core links and
1 Gbps edge links. GMGD was compared against two
techniques—the QEMU/KVM’s default live migration tech-
nique, called online compression (OC), and GMLD.

Prior eflorts to reduce the data transmitted during VM
migration have focused on live migration of a single VM [ 5],
[20], [13], [16], live migration of multiple VMs running on
the same physical machine (GMLD) [8], live migration of a
virtual cluster across a wide-area network (WAN) [22], or
non-live migration of multiple VM 1mages across a WAN
[17].

Compared to GMLD, GMGD faces the additional chal-
lenge of ensuring that the cost of global deduplication does
not exceed the benefit of network traflic reduction during
live migration. In contrast to migration over a WAN, which
has high-bandwidth high-delay links, a datacenter LLAN has
high-bandwidth low-delay links. This difference i1s 1impor-
tant because hash computations, which are used to identify
and deduplicate identical memory pages, are CPU-1ntensive
operations. When migrating over a LAN, hash computations
become a serious bottleneck 11 performed online during
migration, whereas over a WAN, the large round-trip latency
can mask the online hash computation overhead.

Two lines of research are related to the present technolo-
gies—content deduplication among VMs and optimization
of VM mugration. Deduplication has been used to reduce the
memory footprint of VMs 1n [3], [26], [19], [1], [29] and
[11]. These techniques use deduplication to reduce memory
consumption either within a single VM or between multiple
co-located VMs. In contrast, the present technology uses
cluster-wide deduplication across multiple physical
machines to reduce the network traflic overhead when
simultaneously migrating multiple VMs.

Non-live migration of a single VM can be speeded up by
using content hashing to detect blocks within the VM 1mage
that are already present at the destination [23]. VMFlock
[17] speeds up the non-live migration of a group of VM
images over a high-bandwidth high-delay wide-area net-
work by deduplicating blocks across the VM i1mages. In
contrast, the present technology focuses on reducing the
network performance impact of the live and simultaneous
migration of the memories of multiple VMs within a high-
bandwidth low-delay datacenter network. Cloudnet [28]
optimizes the live migration of a single VM over wide-area
network. It reduces the number of pre-copy iterations by
starting the downtime based on page dirtying rate and page
transier rate. [31] and [28] further use page-level dedupli-
cation along with the transfer of differences between dirtied
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and original pages, eliminating the need to retransmit the
entire dirtied page. [16] uses an adaptive page compression
technique to optimize the live migration of a single VM.
Post-copy [13] transiers every page to the destination only
once, as opposed to the iterative pre-copy [20], [5], which
transiers dirtied pages multiple times. [14] employs low-
overhead RDMA over Infiniband to speed up the transier of
a single VM. [21] excludes the memory pages of processes
communicating over the network from being transferred
during the initial rounds of migration, thus limiting the total
migration time. [30] shows that there 1s an opportumity and
feasibility for exploiting large amounts of content sharing
when using certain benchmarks in high performance com-
puting.

In the context of live migration of multiple VMs, prior
work of the mnventors on GMLD [8] deduplicates the trans-
mission of 1dentical memory content among VMs co-located
within a single host. It also exploits sub-page level dedu-
plication, page similarity, and delta diflerence for dirtied
pages, all of which can be integrated into GMGD. Shrinker
[22] migrates virtual clusters over high-delay links of WAN.
It uses an online hashing mechanism 1n which hash com-
putation for i1dentifying duplicate pages (a CPU-intensive
operation) 1s performed during the migration. "

The large
round-trip latency of the WAN link masks the hash compu-
tation overhead during migration. A preferred embodiment
employs oflline hashing, rather than online hashing, because
it was found that online hashing 1s 1mpractical over low-
delay links such as those in a Gigabit Ethernet LAN. In
addition, 1ssues such as desynchronizing page transiers,
downtime synchromization, and target-to-target transiers
need special consideration 1n a low-delay network. Further,
when migrating a VM between datacenters over WAN, the
internal topology of the datacenters may not be relevant.
However, when migrating within a datacenter (as with
GMGD), the datacenter switching topology and rack-level
placement of nodes play important roles 1n reducing the
tratlic on core links. Preliminary results on this topic were
published 1 a workshop paper [7] that focused upon the
migration ol multiple VMs between two racks.

The present technology therefore presents the compre-
hensive design, implementation, and evaluation of GMGD
for a general cluster topology and also includes additional
optimizations such as better downtime synchronization,
improved target-to-target transifer, greater concurrency
within the deduplication servers and per-node controllers,
and more 1n-depth evaluations on a larger 30-node testbed.

In order to mmprove the performance, robustness, and
security of VM mugration beyond their current levels, one
cannot simply treat each VM 1n 1solation. Rather, the rela-
tionships between multiple VMs as well as their interaction
with cluster-wide resources must be taken into account.

Simultaneous live migration of multiple VMs (gang
migration), 1S a resource intensive operation that can
adversely 1impact the entire cluster. Distributed deduplica-
tion may be used to reduce the network traflic overhead of
migration and the total migration time on the core links of
the datacenter LAN.

A distributed duplicate tracking phase identifies and
tracks i1dentical memory content across VMs running on
same/diflerent physical machines 1 a cluster, including
non-migrating VMs running on the target machines. A
distributed indexing mechanism computes content hashes on
VMs’ memory content on different machines and allows
individual nodes to efliciently query and locate identical
pages. A distributed hash table or a centralized indexing
server may be provided, which have their relative merits and
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drawbacks. The former prevents a single point of bottleneck/
tailure, whereas the latter simplifies the overall indexing and
lookup operation during runtime. Distributed deduplication
during the migration phase may also be provided, 1.e., to
avoid the re-transmission of i1dentical memory content, that
was 1dentified in the first step, during the simultaneous live
migration of multiple VMs. The goal here 1s to reduce the
network traflic generated by migration of multiple VMs by
climinating the re-transmission of identical pages from
different VMs. Note that the deduplication operation would
itsell introduce control traflic to identity which i1dentical
pages have already been transierred from the source to the
target racks. One of key challenges 1s to keep this control
tratlic overhead low, 1n terms of both additional bandwidth
and latency introduced due to synchronization.

An mmportant consideration 1n live VM migration 1s the

robustness of the migration mechanism itself. Specifically,
cither the source or destination node can fail during migra-
tion. The key concern 1s whether the VM 1itself can be
recovered after a failure of the source/destination nodes or
any other component participating in the migration. Existing
research has focused on high-availability solutions that
focus on providing a hot-standby copy of a VM 1n execution.
For instance, solutions such as [130, 108] perform high-
frequency incremental checkpointing of a VM over the
network using a technique similar to iterative pre-copy
migration. However, the problem of recovering a VM alter
a failure during live migration has not been investigated.
This problem 1s important because a VM 1s particularly
vulnerable to failure during live migration. VM migration
may last anywhere from a few seconds to several minutes,
depending on a number of factors such as VM size and load
on the cluster. During this time, a VM’s state at the source
and the destination nodes may be inconsistent, its state may
be distributed across multiple nodes, and the software stack
of a VM, including 1ts virtual disk contents, may be 1n
different stages of migration.
It 1s therefore an object to provide a system and method
of tracking duplication of memory content in a plurality of
servers, comprising: computing a hash value for each of a
plurality of memory pages or sub-pages in each server;
communicating the hash values to a deduplication server
process executing on a server in the same rack; communi-
cating from each respective deduplication server process of
multiple racks to the respective deduplication server pro-
cesses of other racks; and comparing the hash values at a
deduplication server process to determine duplication of the
memory pages or sub-pages. The plurality of memory pages
or sub-pages may comprise a plurality of sub-pages each
having a predetermined size.

It 1s a further object to provide a method of tracking
duplication of memory content in a plurality of servers, each
server having a memory pool comprising a plurality of
memory pages and together residing in a common rack,
comprising: computing a hash value for each of the plurality
of memory pages or sub-pages 1n each server; communicat-
ing the hash values to a deduplication server process execut-
ing on a server in the common rack; recerving communica-
tions from respective deduplication server processes of
multiple racks comprising respective hash values, to the
deduplication server process executing in the server of the
common rack; and comparing the respective hash values
with the deduplication server process executing on the
server 1n the common rack process to determine duplication
of the memory pages or sub-pages between the plurality of
servers 1n the common rack and the multiple racks.
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It 1s also an object to provide a system and method for
gang migration of a plurality of servers to a server rack
having a network link external to the server rack and an
internal data distribution system for communicating within
the server rack, comprising: determining the content redun-
dancy 1n the memory across a plurality of servers to be gang
migrated; initiating a gang migration, wherein only a single
copy ol each unique memory page 1s transierred to the server
rack during the gang migration, with a reference to the
unique memory page lfor servers that require, but do not
receive, a copy ol the unique memory page; and after receipt
of a unique memory page within the server rack, commu-
nicating the unique memory page to each server that requires
but did not recerve the copy of the unique memory page.

It 1s a still further object to provide a method for transfer
of mnformation to a plurality of servers in a server rack,
comprising: determining the content redundancy in the
memory across the plurality of servers; transferring a copy
ol each unique memory page or sub-page to the server rack;
determining which of the plurality of servers in the server
rack require the unique memory page or sub-page; and
duplicating the unique memory page or sub-page within the
server rack for each server that requires, but did not receive,
the copy of the unique memory page or sub-page.

A single copy of each unique memory page or sub-page
may be transferred to the server rack.

The copy of a respective unique memory page may be
transiferred to a respective server 1n the server rack, and the
respective server may execute a process to copy the respec-
tive unique memory page for other servers within the server
rack that require the respective unique memory page.

Each respective unique memory page may be associated
with a hash that has a low probability of collision with
hashes of distinct memory pages, and occupies less storage
than the respective unique memory page itself, such that a
respective unmique memory page may be reliably identified
by a correspondence of a hash of the respective unique
memory page with an entry 1n a hash table.

The plurality of servers may be involved 1mn a gang
migration of a plurality of servers not in the server rack to
the plurality of servers in the server rack. The live gang
migration may comprise a simultaneous or concurrent
migration of a plurality of live servers not 1n the rack whose
live functioming may be assumed by the plurality of servers
in the server rack, each live server having at least an
associated central processing unit state and a memory state
which may be transferred to a respective server 1n the server
rack. The plurality of servers may host a plurality of virtual
machines, each wvirtual machine having an associated
memory space comprising memory pages. At least one
virtual machine may use network attach storage.

The server rack may communicate with the plurality of
servers not 1n the rack through a local area network.

The plurality of servers may be organized in a cluster,
running a plurality of virtual machines, which communicate
with each other using a communication medium selected
from the group consisting of Gigabit Ethernet, 10GigE, or
Infiniband.

The plurality of servers may implement a plurality of
virtual machines, and the determination of the content
redundancy 1n the memory across the plurality of servers
may comprise determining, for each virtual machine, a hash
for each memory page or sub-page used by the respective
virtual machine.

The plurality of servers in the server rack may implement
a plurality of virtual machines before the transferring, and
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suppress transmission of memory pages or sub-pages
already available 1n the server rack during a gang migration.

The transferring may comprise selectively suppressing a
transier of memory pages or sub-pages already stored in the
rack by a process comprising: computing in real time hashes
of the memory pages or sub-pages 1n the rack; storing the
hashes in a hash table; receiving a hash representing a
memory page or sub-page of a virtual machine to be
migrated to the server rack; comparing the received hash to
the hashes 1n the hash table; 1f the hash does not correspond
to a hash in the hash table and adding the hash of the
memory page or sub-page of a virtual machine to be
migrated to the server rack to the hash table, transferring the
copy of the memory page or sub-page of a virtual machine
to be migrated to the server rack; and 11 the hash corresponds
to a hash 1n the hash table, duplicating the unique memory
page or sub-page within the server rack associated with the
entry in the hash table and suppressing the transferring of the
copy of the memory page or sub-page of a virtual machine
to be migrated to the server rack.

The transierring may be prioritized with respect to a
memory page or sub-page dirtying rate.

The transferring may comprise a delta difference for
dirtied memory pages or sub-pages.

The determination of the content redundancy in the
memory across the plurality of servers may comprise a
distributed indexing mechanism which computes content
hashes on a plurality of respective virtual machine’s
memory content, and responds to a query with a location of
identical memory content.

The distributed indexing mechanism may comprise a
distributed hash table.

The distributed indexing mechanism may comprise a
centralized indexing server.

A distributed deduplication process may be employed.

Each memory page or sub-page may have a unique
identifier comprising a respective 1dentification of an asso-
ciated virtual machine, an identification of target server 1n
the server rack, a page or sub-page oflset and a content hash.

The method may further comprise maintaining a copy of
a respective virtual machine outside the server rack until at
least a live migration of the virtual machine may be com-
pleted.

The determination of which of the plurality of servers in
the server rack require the unique memory page or sub-page
comprises determining an SHA1 hash of each memory page,
and storing the hash 1n a hash table along with a list of
duplicate pages.

The information for transfer may be initially stored 1n at
least one source server rack, having a plurality of servers,
wherein each of the source server rack comprises a dedu-
plication server which determines a hash of each memory
page 1n the respective source server rack, storing the hashes
of the memory pages 1n a hash table along with a list of
duplicate pages, and controls a deduplicating of the memory
pages or sub-pages within the source server rack before the
transferring to the server rack. The deduplication server at a
source server rack may receive from the server rack a list of
servers 1n the server rack that require a copy of a respective
memory page or sub-page. A server 1n the server rack may
receive Irom the server rack a list of servers 1n the server
rack that require a copy of a respective memory page or
sub-page, retrieve a copy of the respective memory page or
sub-page, send a copy of the retrieved memory page or
sub-page to each server 1n the server rack that requires a
copy ol the memory page or sub-page, and mark the page as
having been sent 1n the hash table. The list of servers may
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be sorted 1n order of most recently changed memory page,
and after a memory page or sub-page 1s marked as having
been sent, references to earlier versions of that memory page
or sub-page are removed from the list without overwriting
the more recent copy of the memory page or sub-page.

The transier of information may be part of a live gang
migration of virtual machines, executing on at least one
source rack, wherein a virtual machine executing on the at
least one source rack remains operational until at least one
version of each memory page of the virtual machine 1s
transferred to the server rack, the virtual machine 1s then
iactivated, subsequently changed versions of memory
pages or sub-pages are transierred, and the corresponding
virtual machine on the server rack 1s then activated.

The server rack may employ memory deduplication for
the plurality of servers during operation.

Each of a plurality of virtual machines may transfer
memory pages or sub-pages to the server rack 1in desynchro-
nized manner to avoid a race condition wherein diflerent
copies of the same page from different virtual machines are
sent to the server rack concurrently.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an illustration of GMGD, in which Page P
1s 1dentical among all four VMs at the source rack, VM1 and
VM3 are being migrated to target rack 1, VM2 and VM4 are
being migrated to target rack 2, one copy of P 1s sent to host
5 which forwards P to host 6 in target rack 1, and another
copy of P 1s sent to host 9 which forwards P to host 8 1n
target rack 2, so that identical pages headed for same target
rack are sent only once per target rack over core network.

FIG. 2 shows deduplication of identical pages during
migration.

FIG. 3 shows a layout of the evaluation testbed.

FIG. 4 shows network tratlic on core links when migrating,
idle VMs.

FIG. § shows network tratlic on core links when migrating,
busy VMs.

FIG. 6 shows a downtime comparison.

FIG. 7 shows total migration time with background trafiic.

FIG. 8 shows background traflic performance.

FIG. 9 shows a prior art computer system architecture.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

e

Architecture of GMGD

VMs are live migrated from one rack of machines to
another rack using GMGD. For each VM being migrated,
the target physical machine 1s provided as an input to
GMGD. Target mapping of VMs could be provided by
another VM placement algorithm that maximizes some
optimization criteria such as reducing inter-VM communi-
cation overhead [27] or maximizing the memory sharing
potential [29]. GMGD does not address the VM placement
problem nor does it assume the lack or presence of any
inter-VM dependencies.

As shown 1n FIG. 1, a typical cluster consists of multiple
racks of physical machines. Machines within a rack are
connected to a top-oi-the-rack (TOR) switch. TOR switches
are connected to one or more core switches using high-
bandwidth links (typically 10 Gbps or higher). GMGD does
not preclude the use of other layouts where the core network
could become overloaded.

Mlgratmg VMs from one rack to another increases the
network trathic overhead on the core links. To reduce this
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overhead, GMGD employs a cluster-wide deduplication
mechanism to identify and track 1dentical pages across VMs
running on different machines. As illustrated in FIG. 1,
GMGD 1dentifies the identical pages from VMs that are
being migrated to the same target rack and transiers only one
copy of each identical page to the target rack. At the target
rack, the first machine to receive the 1dentical page transiers
the page to other machines in the rack that also require the
page. This prevents duplicate transiers of an i1dentical page
over the core network to the same target rack.

As shown 1n FIG. 1, page P 1s identical among all four
VMs at the source rack. VM1 and VM3 are being migrated
to target rack 1. VM2 and VM4 are being migrated to target
rack 2. One copy of P 1s sent to host 5 which forwards P to
host 6 1n target rack 1. Another copy of P 1s sent to host 9
which forwards P to host 8 1n target rack 2. Thus, 1dentical
pages headed for same target rack are sent only once per
target rack over the core network.

In the prototype, GMGD was implemented within the
default pre-copy mechanism 1n QEMU/KVM. The pre-copy
[5] VM mugration technique transfers the memory of a
running VM over the network by performing 1terative passes
over 1ts memory. Each successive round transiers the pages
that were dirtied by the VM 1n the previous iteration. Such
iterations are carried out until a very small number of dirty
pages are left to be transferred. Given the throughput of the
network, 1f the time required to transter the remaining pages
1s smaller than a pre-determined threshold, the VM 1s paused
and 1ts CPU state and the remaining dirty pages are trans-
ferred. Upon completion of this final phase, the VM 1s
resumed at the target. For GMGD each VM 1s migrated
independently with the pre-copy migration technique.
Although the GMGD prototype 1s based on pre-copy VM
migration, nothing 1n 1ts architecture prevents GMGD from
working with other live VM migration techniques such as
post-copy [13].

Two phases of GMGD are now described, namely dupli-

cate tracking and live migration.
A. Duplicate Tracking Phase

This phase 1s carried out during the normal execution of

VMs at the source machines before the migration begins. Its
purpose 1s to i1dentily all duplicate memory content (pres-
ently at the page-level) across all VMs residing on different
machines. We use content hashing to detect identical pages.
The pages having the same content yield the same hash
value. When the hashing 1s performed using a standard
160-bit SHA1 hash [12], the probability of collision 1s less
than the probability of an error in memory or i a TCP
connection [4].

In each machine, a per-node controller process coordi-
nates the tracking of i1dentical pages among all VMs in the
machine. The per-node controller instructs a user-level
QEMU/KVM process associated with each VM to scan the
VM’s memory 1mage, perform content based hashing and
record 1dentical pages. Since each VM 1s constantly execut-
ing, some of the 1dentical pages may be modified (dirtied) by
the VM, eirther during the hashing, or after its completion. To
identify these dirtied pages, the controller uses the dirty
logging mode of QEMU/KVM. In this mode, all VM pages
are marked as read-only in the shadow page table main-
tained by the hypervisor. The first write attempt to any
read-only page results 1n a trap into the hypervisor which
marks the faulted page as dirty 1n 1ts dirty bitmap and allows
the write access to proceed. The QEMU/KVM process uses
a hypercall to extract the dirty bitmap from KVM to identily
the modified pages.
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The per-rack deduplication servers maintain a hash table,
which 1s populated by carrying out a rack-wide content
hashing of the 160-bit hash values pre-computed by per-
node controllers. Each hash 1s also associated with a list of
hosts 1n the rack containing the corresponding pages. Before
migration, all deduplication servers exchange the hash val-
ues and host list with other deduplication servers.

B. Migration Phase

In the migration phase, all VMs are migrated 1n parallel to
their destination machines. The pre-computed hashing infor-
mation 1s used to perform the deduplication of the trans-
terred pages at both the host and the rack levels. QEMUY/
KVM queries the deduplication server for its rack to acquire
the status of each page. If the page has not been transterred
already by another VM, then 1ts status 1s changed to send and
it 1s transierred to the target QEMU/KVM. For subsequent
istances of the same page from any other VM muigrating to
the same rack, QEMU/KVM transfers the page identifier.
Deduplication servers also periodically exchange the infor-
mation about the pages marked as sent, which allows the
VMs 1n one rack to avoid retransmission of the pages that
are already sent by the VMs from another rack.

C. Target-Side VM Deduplication

The racks used as targets for VM migration are often not
empty. They may host VMs containing pages that are
identical to the ones being migrated into the rack. Instead of
transterring such pages from the source racks via the core
links, they are forwarded within the target rack from the
hosts running the VMSs to the hosts receiving the migrating
VMs. The deduplication server at the target rack monitors
the pages within hosted VMs and synchronmizes this infor-
mation with other deduplication servers. Per-node control-
lers perform this forwarding of 1dentical pages among hosts
in the target rack.

D. Reliability

When a source host fails during migration, the reliability
of GMGD 1s no worse than that of single-VM pre-copy 1n
that only the VMs running on the failed source hosts will be
lost, whereas other VMs can continue migrating success-
tully. However, when a target host fails during migration, or
if a subset of 1ts pages are corrupted during migration, then
MGD has an additional point of potential failure arising
from deduplication. Specifically more VMs may suller col-
lateral damage using GMGD than using single-VM pre-
copy. This 1s because each deduplicated page temporarily
resides at an intermediate node 1n the target rack till 1t 1s
pushed to all the VMs that need that 1dentical page. It the
intermediate node fails, then all the deduplicated pages it
holds are lost and, consequently, all the VM that need those
pages will fail. Since each deduplicated page, by definition,
1s needed by multiple VMs, the magnitude of failure will be
far greater than without deduplication. Two solutions are
available for this problem. (a) Replication: Host each dedu-
plicated page at two (or more) distinct nodes on the target
rack. Alternatively, to conserve memory, the deduplicated
page could be asynchronously replicated to a network-
attached storage server, if the server offers enough band-
width to keep up. (b) Parity: Maintain parity information for
stripes of deduplicated pages, 1n much that same way that a
RAID system computes parity across disk blocks on mul-
tiple disks. (¢) Retransmission: The source hosts can resend
copies ol the lost pages from when an intermediate host
fails.

Implementation Details

A prototype of GMGD was implemented in the QEMUY/
KVM virtualization environment. The implementation 1s
completely transparent to the users of the VMs. With
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QEMU/KVM, each VM 1is spawned as a process on a host
machine. A part of the virtual address space of the QEMU/
KVM process 1s exported to the VM as 1ts physical memory.

A. Per-Node Controllers

Per-node controllers are responsible for managing the
deduplication of outgoing and incoming VMs. We call the
controller component managing the outgoing VMs as the
source side and the component managing the incoming VMs
as the target side. The controller sets up a shared memory
region that i1s accessible only by other QEMU/KVM pro-
cesses. The shared memory contains a hash table which 1s
used for tracking identical pages. Note that the shared
memory poses no security vulnerabilities because it 1s
outside the physical memory region ol the VM 1in the
QEMU/KVM process’ address space and 1s not accessible
by the VM 1tsell.
The source side of the per-node controller coordinates the

local deduplication of memory among co-located VMs.
Each QEMU/KVM process scans 1ts VM’s memory and

calculates a 160-bit SHAI1 hash for each page. These hash
values are stored in the hash table, where they are compared
against each other. A match of two hash values indicates the
existence of two 1dentical pages. Scanning 1s performed by
a low priority thread to minimize interference with the VMs’
execution.

The target side of the per-node controller receives incom-
ing identical pages from other controllers in the rack. It also
forwards the identical pages received on behall of other
machines 1n the rack to their respective controllers. Upon
reception of an identical page, the controller copies the page
into the shared memory region, so that it becomes available
to incoming VMs. The shared memory region 1s freed once
the migration 1s complete.

B. Deduplication Server

Deduplication servers are to per-node controllers what
per-node controllers are to VMs. Each rack contains a
deduplication server that tracks the status of 1dentical pages
among VMs that are migrating to the same target rack and
the VMs already at the target rack. Deduplication servers
maintain a content hash table to store this information. Upon

reception of a 160-bit hash value from the controllers, the
last 32-bits of the 160-bit hash are used to find a bucket 1n

the hash table. In the bucket, the 160-bit hash entry 1s
compared against the other entries present. If no matching
entry 1s found, a new entry 1s created.

Each deduplication server can currently process up to
200,000 queries per second over a 1 Gbps link. This rate can
potentially handle simultaneous VM migrations from up to
180 physical hosts. For context, common 19-inch racks can
hold 44 servers of 1 U (1 rack umt) height [25]. A certain
level of scalability 1s built into the deduplication server, by
using multiple threads for query processing, fine-grained
reader/writer locks, and batching queries from VMs to
reduce the frequency of communication with the dedupli-
cation server. Finally, the deduplication server does not need
to be a separate server per rack. It can potentially run as a
background process within one of the machines 1n the rack
that also runs VMs provided that a few spare CPU cores are
available for processing during migration.

Dirty pages and unique pages that have no match with
other VMs are transierred in their entirety to the destination.

FIG. 2 shows the message exchange sequence between
the deduplication servers and QEMU/KVM processes for an
inter-host deduplication of page P.

C. Operations at the Source Machine

Upon mitiating simultaneous migration of VMs, the con-
trollers mstruct mndividual QEMU/KVM processes to begin
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the migration. From this point onward, the QEMU/KVM
processes communicate directly with the deduplication serv-
ers, without any mnvolvement from the controllers. After
commencing the migration, each QEMU/KVM process
starts transmitting every page of its respective VM. For each
page 1t checks 1n the local hash table whether the page has
already been transierred. Each migration process periodi-
cally queries 1ts deduplication server for the status of next
few pages 1t 1s about to transfer. The responses from the

deduplication server are stored in the hash table, 1n order to
be accessible to the other co-located VMs. If the QEMU/

KVM process discovers that a page has not been transferred,
then it transmits the entire page to its peer QEMU/KVM
process at the target machine along with its unique 1dentifier.
QEMU/KVM at the source also retrieves from the dedupli-
cation server a list of other machines in the target rack that
need an identical page. This list 1s also sent to the target
machine’s controller, which then retrieves the page and
sends 1t to the machines 1n the list. Upon transier the page
1s marked as sent 1n the source controller’s hash table.

The QEMU/KVM process periodically updates its dedu-
plication server with the status of the sent pages. The
deduplication server also periodically updates other dedu-
plication servers with a list of 1dentical pages marked as sent
by hosts other than the source host. Handling of such pages,
known as remote pages, 1s discussed below.

D. Operations at the Target Machine

On the target machine, each QEMU/KVM process allo-
cates a memory region for 1ts respective VM where incom-
ing pages are copied. Upon reception of an i1dentical page,
the target QEMU/KVM process copies 1t into the VM’s
memory and iserts it into the target hash table according to
its 1dentifier.

If only an identifier 1s received, a page corresponding to
the identifier 1s retrieved from the target hash table, and
copied mto the VM’s memory. Unique and dirty pages are
directly copied into the VM’s memory space. They are not
copied to the target shared memory.

E. Remote Pages

Remote pages are deduplicated pages that were trans-
terred by hosts other than the source host. Identifiers of such
pages are accompanied by a remote tlag. Such pages become
available to the waiting hosts 1n the target rack only atter the
carrying host forwards them. Therefore, instead of searching
for such remote pages 1n the target hash table immediately
upon reception of an identifier, the identifier and the address
of the page are inserted into a per-host waiting list.

A per-QEMU/KVM process thread, called a remote
thread, periodically traverses the list, and checks for each
entry whether the page corresponding to the identifier has
been added into the target shared memory. The recerved
pages are copied mto the memory of the respective VMs
alter removing the entry from the list. Upon reception of a
more recent dirtied copy of the page whose entry happens to
be on the waiting list, the corresponding entry i1s removed
from the list to prevent the thread from over-writing the page
with 1ts stale copy.

The 1dentical pages already present at the target rack
before the migration are also treated as the remote pages.
The per-node controllers in the target rack forward such
pages to the listed target hosts. This avoids their transmis-
sion over the core network links from the source racks.
However, pages dirtied by VMs running 1n the target rack
are not forwarded to other hosts, instead they are requested
by the corresponding hosts from their respective source
hosts.
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F. Coordinated Downtime Start

A VM cannot be resumed at the target unless all of 1ts
pages have been received. Therefore imitiating the VM’s
downtime before completing target-to-target transfers can
increase 1ts downtime. However, in the default QEMU/
KVM migration technique, downtime 1s started at the
source’s discretion and the decision 1s made solely on the
basis of the number of pages remaining to be transierred and
the perceived link bandwidth at the source. Therefore, to
avoid the overlap between the downtime and target-to-target
transfers, a co-ordination mechanism 1s 1mplemented
between the source and the target of each QEMU/KVM
process. The source QEMU/KVM process 1s prevented from
starting the VM downtime and to keep it 1n the live pre-copy
iteration mode until all of 1ts pages have been retrieved at the
target and copied into memory. Thereon, the source 1s
instructed by the target to mitiate the downtime. This allows
VMs to reduce their downtime, as only the remaining dirty
pages at the source are transierred during the downtime.
While the source side waits for a permission to initiate the
downtime, the VM may dirty more pages. Hence, depending
on 1ts dirtying rate, the transfer of additional dirty pages may
lead to an increase i1n the amount of data transferred and
hence the total migration time.

It 1s noted that, although not implemented in the proto-
type, memory pages for the rack (or data center) may be
stored 1n a deduplicated virtual memory environment, such
that redundant memory pages are not duplicated after receipt
within the rack except at a cache memory level, but rather
the memory pages are retrieved from a memory server, such
as MemX, when needed. See, each of which 1s expressly
incorporated herein by reference 1n 1ts entirety: [7, 8, 19, 22,
30, 31, 75, 121, 145, 165, 174-187].

In some cases, the system may be implemented to seg-
regate mformation stored in memory as either implementa-
tion-specific pages, in which the likelithood of duplication
between VMs 1s high, and data-specific pages, which are
unlikely to contain duplicate information. In this way, pages
which are hybrid or heterogeneous are avoided, thus increas-
ing efliciency of the virtual memory trailic usage. Likewise,
in a transaction processing system, the data specific pages
are likely to be short-lived, and therefore greater efliciency
may be achieved by avoiding virtual memory overhead by
removing this data from local memory storage, and allowing
these pages to expire or be purged in local memory. On the
other hand, pages that are common for multiple servers, but
rarely used, may be efliciently and eflectively stored
remotely, and as discussed above, gang migrated without
massive redundant data transiers.

G. Desynchronizing Page Transiers

An optimization was also implemented to improve the
ceiliciency of deduplication. There 1s a small time lag
between the transier of an i1dentical page by a VM and the
status of the page being retlected at the deduplication server.
This lag can result 1n duplicate transier of some 1dentical
pages 1f two largely i1dentical VMs start migration at the
same time and transier their respective memory pages in the
same order of page offsets. To reduce the likelihood of such
duplicate transiers, each VM transfers pages in different
order depending upon their assigned VM number. With
desynchronization, identical memory regions from different
VMs are transferred at different times, allowing each
QEMU/KVM process enough time to update the dedupli-
cation servers about the sent pages before other VMs trans-
fer the same pages.
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Evaluation

The GMGD mmplementation was evaluated in a 30-node
cluster testbed having high-bandwidth low-delay Gigabait
Ethernet. Fach physical host has two quad-core 2 GHz
CPUs, 16 GB of memory, and 1 Gbps network card.

FIG. 3 shows the layout of the cluster testbed consisting,
of three racks, each connected to a diflerent top of rack
(TOR) Ethernet switch. The TOR switches are connected to
cach other by a 10Gi1gE optical link, which acts as the core
link. GMGD can, of course, be used on larger topologies.
Live migration of all VMs 1s mitiated simultaneously and
memory pages ifrom the source hosts traverse the 10GigE
optical link between the switches to reach the target hosts.
For most of the experiments, each machine hosts four VMs
and each VM has 2 virtual CPUs (VCPUs) and 1 GB
memory.

GMGD was compared against the following VM migra-
tion techniques:

(1) Online Compression (OC): This 1s the default VM

migration technique used by QEMU/KVM. Belfore trans-
mission, 1t compresses pages that are filled with uniform
content (primarily pages filled with zeros) by representing
the entire page with just one byte. At the target, such pages
are reconstructed by filling an entire page with the same
byte. Other pages are transmitted in their entirety to the
destination.

(2) Gang Migration with Local Deduplication (GMLD):
[8] This technique uses content hashing to deduplicate the
pages across VMs co-located on the same host. Only one
copy of i1dentical pages 1s transterred from the source host.

In 1mtial 1implementations of GMGD, the use of online
hashing was considered, in which hash computation and
deduplication are performed during migration (as opposed to
before migration). Hash computation 1s a CPU-intensive
operation. In evaluations, 1t was found that the online
hashing variant performed very poorly, in terms of total
migration time, on high-bandwidth low-delay Gigabit Eth-
ermnet. For example, online hashing takes 7.3 seconds to
migrate a 1 GB VM and 18.9 seconds to migrate a 4 GB VM,
whereas oflline hashing takes only 3.5 seconds and 4.5
seconds respectively. CPU-heavy online hash computation
became a performance bottleneck and, in fact, yielded worse
total migration times than even the simple OC technique
described above. Given that the total migration time of
online hashing variant 1s considerably worse than ofiline
hashing while achieving only comparable savings in net-
work traflic, the results for online hashing are omitted 1n the
experiments reported below.

A. Network Load Reduction

1) Idle VMs: An equal number of VMs from each of the
two source racks, 1.e. for 12x4 configuration, 4 VMs are
migrated from each of the 6 hosts on each source rack. FIG.
4 shows the amount of data transferred over the core links
for the three VM migration schemes with an increasing
number of hosts, each host running four 1 GB idle VMs.
Since every host runs i1dentical VMs, the addition of each
host contributes a fixed number of unique and identical
pages. Therefore for all three techniques, the linear trend 1s
observed. Among them, since OC only optimizes the trans-
fer of uniform pages, a set that mainly consists of zero pages,
it transiers the highest amount of data. GMLD also dedu-
plicates zero pages 1n addition to the 1dentical pages across
the co-located VMs. As a result, 1t sends less data than OC.
GMGD transters the lowest amounts of data. For 12 hosts,
GMGD transfers 65% and 33% less data through the core
links than OC and GMLD respectively.

2) Busy VMs: To evaluate the effect of busy VMs on the
amount of data transferred during their migration, Dbench
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[6], a filesystem benchmark, 1s run inside VMs. Dbench
performs file I/O on a network attached storage. It provides
an adversarial workload for GMGD because 1t uses the
network interface for communication and DRAM as a
bufler. The execution of Dbench 1s mitiated after the dedu-
plication phase of GMGD to ensure that the memory con-
sumed by Dbench 1s not deduplicated. The VMs are
migrated while execution of Dbench 1s 1n progress. FIG. 5
shows that GMGD yields up to 59% reduction 1n the amount
of data transierred over OC and up to 27% reduction over
GMLD.

B. Total Migration Time

1) Idle VMs: To measure the total migration time of
different migration techniques, the end-to-end (E2E) total
migration time 1s measured, 1.e. the time taken from the start
of the migration of the first VM to the end of the migration
of the last VM. Cluster administrators may be concerned
with E2E total migration time of groups of VMs since 1t
measures the time for which the migration traflic occupies
the core links.

The 1dle VM section of Table I shows the total migration
time for each migration technique with an increasing num-
ber of hosts containing 1dle VMSs. Note that even with the
maximum number of hosts (i.e. 12 with 6 from each source
rack), the core optical link remains unsaturated. Therelore,
for each migration technique, nearly constant total migration
time 1s observed, irrespective of the number of hosts.
Further, among all three techmques, OC has highest total
migration time for any number of hosts, which 1s propor-

tional to the amount of data it transfers. GMGD’s total
migration time 1s slightly higher than that of GMLD,
approximately 5% higher for 12 hosts. The difference

between the total migration time of GMGD and GMLD can
be attributed to the overhead associated with GMGD for
performing deduplication across the hosts. While the migra-
tion 1s 1n progress, 1t queries with the deduplication server to
read, or update the status of deduplicated pages. Such
requests need to be sent frequently for eflective deduplica-
tion.

TABLE 1

Total migration time (in seconds)

Idle VMs Busy VMs
Hosts x VMs OC GMLD GMCD OC GMLD GMCD
2 x4 7.28 3.79 3.88 .6 5.17 4,93
4 x 4 7.36 3.89 4.08 R.74 5.10 5.06
6 x 4 7.39 3.92 4.17 .69 5.15 5.01
8 x 4 7.11 4.12 4.16 R.77 5.13 4.90
10 x 4 7.38 4.08 4.27 R.75 5.18 4.91
12 x 4 7.40 4.05 4.27 R.53 5.06 4.98

2) Busy VMs: Table I shows that Dbench increases the
total migration time of all the VM migration techniques
compared to theiwr idle VM migration times. Since the
Dbench trathic competes with the migration traflic for the
source network interface card (NIC), the total migration time
of each technique is proportional to the amount of data 1t
transiers. Therefore GMGD’s total migration time 1s slightly
lower than that of GMLD.

C. Downtime

FIG. 6 shows that increasing the number of hosts does not
have a significant impact on the downtimes for all three
schemes. This 1s because each VM’s downtime 1s 1nitiated
independently of other VMs. Downtime of all the techniques
1s 1n the range of 90 ms to 120 ms.
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D. Background Tratfhic

In datacenters, the switches along the migration path of
VMs may experlence network traflic other than the VM
migration traflic. In overloaded switches, the VM migration

traflic may impact the performance of applications running
across the datacenter, and vice versa. The efl

ect of back-
ground network traflic 1s first compared on different migra-
tion techniques. Conversely, the effect of different migration
techniques 1s also compared on other network-bound appli-
cations in the cluster. For this experiment, the 10GigE core
link between the switches 1s saturated with VM migration
traflic and background network trailic. 8 Gbps of back-
ground Netpert [2] UDP traflic 1s transmitted between two
source racks such that 1t competes with the VM migration
tratlic on the core link.

FIG. 7 shows the comparison of total migration time with
UDP background traflic for the aforementioned setup. With
an increasing number of VMs and hosts, the network con-
tention and packet loss on the two 10Gi1gE core links also
increases. A larger total migration time 1s observed for all
three techniques compared to the corresponding i1dle VM
migration times listed 1n Table I. However, observe that
GMGD has lower total migration time than both OC and
GMLD, 1n contrast to Table I where GMGD had higher
TMT compared to GMLD. This 1s because, 1n response to
packet loss at the core link, all VM muigration sessions
(which are TCP flows) backofl. However, the backofl 1s
proportional to the amount of data transmitted by each VM
mlgratlon technique. Since GMGD transfers less data, 1t
suflers less from TCP backoil due to network congestion and
completes the migration faster.

FIG. 8 shows the converse eflect, namely, the impact of
VM migration on the performance of Netperf. With an
increasing number of migrating VMs, Netperf UDP packet

losses increase due to network contention. For 12 hosts,
GMGD recerves 15% more packets than OC and 7% more

UDP packets than GMLD.

E. Application Degradation

Table II compares the degradation of applications running,
inside the VMs during migration using 12x4 configuration.

TABL.

L1l

11

Application degradation in migrating 48 VMs.

Benchmarks w/0 Migration OC GMLD GMGD
Sysbench (trans/sec) 31.08 19.32 22.25 26.15
TCP-RR (trans/sec) 1271.6 515.7 742.7 888.33
Sum of subsets (sec) 6.68 7.07 7.07 7.06

Sysbench: Here, the impact of migration on the perfor-
mance of I/O operations from VMs 1n the above scenario 1s
evaluated. A Sysbench [24] database 1s .

hosted on a machine
located outside the source racks and connected to the switch
with a 1 Gbps Ethernet link. Each VM performs transactions
on the database over the network. The VMs are mi grated
while the benchmark 1s 1n progress to observe the effect of
migration on the performance of the benchmark. Table II
shows the average transaction rate per VM for Sysbench.
TCP_RR: The Netperf TCP_RR VM workload 1s used to
analyze the eflect of VM muigration on the mter-VM com-
munication. TCP_RR 1s a synchronous TCP request-re-
sponse test. 24 VMs from 6 hosts are used as senders, and
24 VMs from the other 6 hosts as receivers. The VMs are
migrated while the test 1s 1n progress and the performance of
TCPRR measured. Table II shows the average transaction

rate per sender VM. Due to the lower amount of data
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transterred through the source NICs, GMGD keeps the NICs
available for the inter-VM TCP_RR traflic. Consequently, 1t
least affects the performance of TCP_RR and gives the
highest number of transactions per second among the three.

Sum of Subsets: Thistle 1s a CPU-1ntensive workload that,
given a set ol mtegers and an integer k, finds a non-empty
subset that sum to k. This program is run 1n the VMs during
their migration to measure the average per-VM completion
time of the program. Due to the CPU-1ntensive nature of the
workload, the difference in the completion time of the
application with the three migration techniques 1s 1nsignifi-
cant.

F. Performance Overheads

Duplicate Tracking: Low priority threads perform hash
computation and dirty-page logging in the background. With
4 VMs and 8 cores per machine, a CPU-1ntensive workload
(sum of subsets) experienced 0.4% overhead and a write-
intensive workload (random writes to memory) experienced
2% overhead. With 8 VMs per machine, the overheads were
6% and 4% respectively due to CPU contention.

Worst-case workload: To evaluate the VM migration
techniques against a worst-case workload, a write-intensive
workload 1s run 1nside VMs that reduces the likelihood of
deduplication by modifying two times as much data as the
s1ze of each VM. GMGD does not introduce any observed
additional overheads, compared against OC and GMLD.

Space overhead: At the source side, the shared memory
region for local deduplication contains a 160-bit hash value
for each VM page. In the worst case when all VM pages are
unique, the source side space consumption i1s around 4% of
the aggregate memory ol VMs. At the target side, the
worst-case space overhead in the shared memory could be
100% of the aggregate memory of VMs when each page has
exactly one 1dentical counterpart on another host. However,
target shared memory only contains identical pages. Unique
pages are directly copied into VMs’ memories, so they do
not mcur any space overhead. Further, both the source and
the target shared memory areas are used only during the
migration and are freed after the migration completes.

Hardware Overview

FIG. 9 (see U.S. Pat. No. 7,702,660, expressly incorpo-
rated herein by reference), shows a block diagram that
illustrates a computer system 400. Computer system 400
includes a bus 402 or other communication mechanism for
communicating information, and a processor 404 coupled
with bus 402 for processing information. Computer system
400 also includes a main memory 406, such as a random
access memory (RAM) or other dynamic storage device,
coupled to bus 402 for storing information and instructions
to be executed by processor 404. Main memory 406 also
may be used for storing temporary variables or other inter-
mediate information during execution of instructions to be
executed by processor 404. Computer system 400 further
includes a read only memory (ROM) 408 or other static
storage device coupled to bus 402 for storing static infor-
mation and 1nstructions for processor 404. A storage device
410, such as a magnetic disk or optical disk, 1s provided and
coupled to bus 402 for storing information and instructions.
The computer system may also employ non-volatile
memory, such as FRAM and/or MRAM.

The computer system may include a graphics processing
unit (GPU), which, for example, provides a parallel pro-
cessing system which 1s architected, for example, as a single
instruction-multiple data (SIMD) processor. Such a GPU
may be used to efliciently compute transforms and other
readily parallelized and processed according to mainly con-
secutive unbranched instruction codes.
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Computer system 400 may be coupled via bus 402 to a
display 412, such as a liquid crystal display (LCD), for
displaying information to a computer user. An input device
414, including alphanumeric and other keys, 1s coupled to
bus 402 for communicating nformation and command
selections to processor 404. Another type of user input
device 1s cursor control 416, such as a mouse, a trackball, or
cursor direction keys for communicating direction informa-
tion and command selections to processor 404 and {for
controlling cursor movement on display 412. This mput
device typically has two degrees of freedom 1n two axes, a
first axis (e.g., X) and a second axis (e.g., y), that allows the
device to specily positions 1n a plane.

According to one embodiment of the invention, those
techniques are performed by computer system 400 in
response to processor 404 executing one or more sequences
ol one or more 1structions contained 1n main memory 406.
Such 1nstructions may be read into main memory 406 from
another machine-readable medium, such as storage device
410. Execution of the sequences of mstructions contained 1n
main memory 406 causes processor 404 to perform the
process steps described herein. In alternative embodiments,
hard-wired circuitry may be used 1n place of or 1n combi-
nation with software instructions to implement the inven-
tion. Thus, embodiments of the invention are not limited to
any specific combination of hardware circuitry and software.

The term “machine-readable medium” as used herein
refers to any medium that participates in providing data that
causes a machine to operation 1n a specific fashion. In an
embodiment implemented using computer system 400, vari-
ous machine-readable media are involved, for example, 1n
providing instructions to processor 404 for execution. Such
a medium may take many forms, including but not limited
to, non-volatile media, volatile media. Non-volatile media
includes, for example, semiconductor devices, optical or
magnetic disks, such as storage device 410. Volatile media
includes dynamic memory, such as main memory 406. All
such media are tangible to enable the mnstructions carried by
the media to be detected by a physical mechamism that reads
the 1nstructions into a machine. Common forms of machine-
readable media include, for example, hard disk (or other
magnetic medium), CD-ROM, DVD-ROM (or other optical
or magnetoptical medium), semiconductor memory such as
RAM, PROM, EPROM, FLASH-EPROM, any other
memory chip or cartridge, a carrier wave as described
hereinafter, or any other medium from which a computer can
read. Various forms of machine-readable media may be
involved 1n carrying one or more sequences ol one or more
instructions to processor 404 for execution.

For example, the instructions may nitially be carried on
a magnetic disk of a remote computer. The remote computer
can load the mstructions 1nto 1ts dynamic memory and send
the istructions over the Internet through an automated
computer communication network. An interface local to
computer system 400, such as an Internet router, can receive
the data and communicate using an Ethernet protocol (e.g.,
IEEE-802.X) to a compatible receiver, and place the data on
bus 402. Bus 402 carries the data to main memory 406, from
which processor 404 retrieves and executes the instructions.
The 1nstructions received by main memory 406 may option-
ally be stored on storage device 410 either before or after
execution by processor 404.

Computer system 400 also includes a communication
interface 418 coupled to bus 402. Communication 1nterface
418 provides a two-way data communication coupling to a
network link 420 that 1s connected to a local network 422.
For example, commumnication interface 418 may be a local
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area network (LAN) card to provide a data communication
connection to a compatible LAN. In any such implementa-
tion, communication interface 418 sends and receives elec-
trical, electromagnetic or optical signals that carry digital
data streams representing various types ol information.

Network link 420 typically provides data communication
through one or more networks to other data devices. For
example, network link 420 may provide a connection
through local network 422 to a host computer 424 or to data
equipment operated by an Internet Service Provider (ISP)
426. ISP 426 1n turn provides data communication services
through the world wide packet data communication network
now commonly referred to as the “Internet” 428. Local
network 422 and Internet 428 both use electrical, electro-
magnetic or optical signals that carry digital data streams.
The signals through the various networks and the signals on
network link 420 and through communication interface 418,
which carry the digital data to and from computer system
400, are exemplary forms of carrier waves transporting the
information.

Computer system 400 can send messages and receive
data, including memory pages, memory sub-pages, and
program code, through the network(s), network link 420 and
communication interface 418. In the Internet example, a
server 430 might transmit a requested code for an applica-
tion program through Internet 428, ISP 426, local network
422 and communication interface 418. The received code
may be executed by processor 404 as 1t 1s recerved, and/or
stored 1n storage device 410, or other non-volatile storage
for later execution.

CONCLUSION

Gang migration 1s presented with global deduplication
(GMGD)—a solution to reduce the network load resulting
from the simultaneous live migration of multiple VMs
within a datacenter that has high-bandwidth low-delay inter-
connect. The present solution employs cluster-wide dedu-
plication to identity, track, and avoid the retransmission of
identical pages over core network links. Evaluations on a
30-node testbed show that GMGD reduces the amount of
data transierred over the core links during migration by up
to 65% and the total migration time by up to 42% compared
to online compression.

In this description, several preferred embodiments were
discussed. Persons skilled in the art will, undoubtedly, have
other 1deas as to how the systems and methods described
herein may be used. It 1s understood that this broad invention
1s not limited to the embodiments discussed herein. Rather,
the invention 1s limited only by the following claims. The
vartous embodiments and sub-embodiments may be com-
bined together 1n various consistent combinations sub-com-
binations and permutations, without departing from the
spirit of this disclosure.
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What 1s claimed 1s:
1. A method of tracking duplication of memory content,
comprising;
computing 1n each of a plurality of servers, a respective a
hash value for each of a plurality of respective memory
pages used by the plurality of servers;
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communicating the hash value for each of the plurality of
respective memory pages for the plurality of servers to

a memory control server for the plurality of servers, to

form a hash table;
transmitting the hash table of the memory control server

for the plurality of servers through a communication
network to a corresponding memory control server for

a different plurality of servers;
recerving, from the corresponding memory control server,

a corresponding hash table comprising a plurality of

corresponding hash values for memory pages used by

the different plurality of servers;

comparing, by the memory control server, the respective

hash values 1n the hash table with the corresponding

hash values 1n the corresponding hash table; and

determining memory duplication between the plurality of
server and the plurality of different servers, based on
said comparing.

2. The method according to claim 1, further comprising:

determiming, by the memory control server, uniqueness of
cach memory page within the hash table; and

sending a single copy of unique memory page content to
the corresponding memory control server.

3. The method according to claim 1, further comprising:

sending a copy of unique memory page content from the
memory control server to the corresponding memory
control server 1f the unique memory page content 1s not
present at any of the different plurality of servers.

4. The method according to claim 1, further comprising:

receiving, by the memory control server, a memory page
having unique memory page content not present in the

plurality of respective memory pages used by the

plurality of servers; and

duplicating, under control of the memory control server,

the unique memory page content within the plurality of
SCrvers.

5. The method according to claim 4, wherein the plurality
of servers are involved 1n a gang migration of a plurality of
live servers comprising the plurality of servers to the plu-
rality of different servers, further comprising communicat-
ing a central processing unit state for a respective live server
from the memory control server to the corresponding
memory control server.

6. The method according to claim 1, wherein the plurality
of servers are organized 1n a cluster, running a plurality of
virtual machines, which communicate with each other and

the memory control server using a communication medium
selected from the group consisting of Gigabit Ethernet,
10Gi1gE, and Infimband.

7. The method according to claim 1, wherein the plurality
of servers mmplement a plurality of wvirtual machines,
wherein the hash table of the memory control server i1s
organized according to memory page association with a
respective virtual machine.

8. The method according to claim 1, further comprising
communicating, by the memory control server to the corre-
sponding memory control server, a plurality of memory
pages, each having umique memory page content, prioritized
with respect to at least one of a memory page dirtying rate
and a delta difference for dirtied memory pages.

9. The method according to claim 1, wherein said memory
control server has a distributed architecture, and said deter-
mining memory duplication comprises implementing a dis-
tributed indexing mechanism which computes content
hashes on a plurality of servers.
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10. The method according to claim 9, wherein the dis-
tributed indexing mechanism comprises a distributed hash
table.

11. The method according to claim 1, wherein each
memory page has a unique identifier comprising a respective
identification of an associated virtual machine.

12. The method according to claim 1, wherein the hash
table further comprises a memory page status for each
respective memory page.

13. The method according to claim 12, further compris-
ng:

sending a respective memory page Ifrom the memory
control server to the corresponding memory control
server; and

updating the memory page status in the hash table with an
indication that the respective memory page has been
sent.

14. The method according to claim 1, further comprising:

maintaiming, by the memory control server, a list of
servers of the plurality of servers that require a copy of
a respective memory page by the memory control
Server;

retrieving a copy of a respective memory page by the
memory control server from the corresponding
memory control server;

sending the retrieved copy of the respective memory page
to each server of the plurality of servers that requires a
copy ol the respective memory page based on the list of
servers; and

marking the memory page as having been sent 1n the hash
table.

15. The method according to claim 14,

wherein the list of servers 1s sorted 1n order of most
recently changed memory page;

said retrieving 1s performed according to the sorted order;
and

after a respective memory page 1s marked as having been
sent, the memory control server removes references to
carlier versions of that respective memory page from
the list of servers without overwriting any more recent
copy of the respective memory page.

16. The method according to claim 1, further comprising
performing a live gang migration of a plurality of virtual
machines executing on the plurality of servers to the corre-
sponding plurality of servers, wherein:

a respective virtual machine executing on the plurality of
servers remains operational until at least one version of
cach memory page of the respective virtual machine 1s
transierred to the corresponding plurality of servers;

the respective virtual machine 1s inactivated after at least
one version of each memory page of the respective
virtual machine 1s transferred to the corresponding
plurality of servers; and

a replica of the respective virtual machine 1s activated to
execute on the corresponding plurality of servers using
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the transferred at least one version of each memory
page of the respective virtual machine.

17. A method for transier of information to a plurality of
servers 1n a server rack under control of a memory server,
from a corresponding memory server, comprising;:

determining the content redundancy 1n memory pages or

sub-pages across the plurality of servers in the server
rack at a respective time for each respective memory
page or sub-page;

transierring, from the corresponding memory server to the

memory server, a copy of each unique memory page or
sub-page through a communication interface of the
server rack;

determining, by the memory server, which of the plurality

of servers 1n the server rack require the unique memory
page or sub-page; and

duplicating, under control of the memory server, the

unique memory page or sub-page within the server rack
for each server that requires but did not receive the
copy of the unique memory page or sub-page.

18. The method according to claim 17, wherein the
plurality of servers are involved 1n a gang migration of a
plurality of live servers, further comprising receiving by the
memory server, a central processing unit state for a respec-
tive live server from the corresponding memory server.

19. A method for gang migration, comprising:

determiming, by a memory server associated with the

plurality of servers, a content redundancy in memory
pages for use by a plurality of virtual machines to be
gang migrated to the plurality of servers;

imitiating a gang migration under control of the memory

server, wherein only a single copy of each unique
memory page according to the determined content
redundancy 1s transierred during the gang migration to
the plurality of servers, with a reference to each respec-
tive unique memory page for virtual machines that
require but do not receive a copy of the unique memory
page; and

alter receipt of a unique memory page by the plurality of

servers, communicating the unique memory page under
control of the memory server to each virtual machine
that requires but did not receive the copy of the unique
memory page.

20. The method according to claim 19, wherein the
plurality of servers are involved 1in a gang migration of a
plurality of live virtual machines, further comprising receiv-
ing, by the memory server, a central processing unit state for
cach respective live virtual machine and activating each
respective live virtual machine after receipt of 1ts respective
central processing unit state and communication ol each
unique memory page required by the respective live virtual
machine.
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